Digestibility of whole grain crop silages was estimated by an in vivo method and by three different in vitro techniques: in situ nylon bag, in vitro true digestibility (1VTD) and in vitro gas production (GP). The silages were made of oat (Avena sativa, var. Senator) and triticale (var. Bogo), cut at three stages of maturity: heading (H), milk (M) and milk-dough (MD). Starch contents (g kg" 1 DM) in oat silages were 13, 110 and 130 and in triticale 7, 78 and 147, for H, M and MD stages of maturity, respectively. For the same silages and stages of maturity, NDF contents (g kg" 1 DM) were 471, 506, 483 and 517, 551, 499, respectively. The silages made at heading stage had the highest in vivo DM digestibility and in situ DM effective rumen degradability (ERD). In vivo DM digestibility was significantly correlated with the starch content in the silages. There was no significant correlation between ERD and starch and NDF contents but significant correlations between starch content and A, B and C parameters of DM degradability were found (r>0.90; P<0.05). Regardless of the species, silages made at M and MD stages had a lower IVTD than H silages.
INTRODUCTION
The efficiency of ruminant production is largely limited by forage quality, in which the most important is rumen digestibility. Low digestibility is mainly reflected in low voluntary intake and finally in low energy supply (Van Soest, 1994) . Determination of digestibility by the standard in vivo methods is time-consuming, laborious, expensive, and requires a large quantity of experimental feed. Therefore, many attempts have been directed towards the development of new methods that could satisfactorily predict forage intake and digestibility (Stern et al., 1997; Jones and Theodorou, 2000) . New methods which have been the most often studied are in situ and in vitro, including gas production technique (Deaville et al, 1998) . To reduce the cost of analysis and to increase its precision, new equipment has also become available. For example, the in vitro method invented by Van Soest et al. (1966) can now be performed using filter bags and a Daisy Incubator (IVTD, Ankom Co, Fairport, NY). However, it was shown in the study of Wilman and Adesogan (2000) that IVTD had a higher standard error and coefficient of variation than conventional tube methods. Similarly, based on the principles described by Menke et al. (1979) , automated gas production equipment gives the opportunity for simultaneous analysis of numbers of samples (Schofield and Pell, 1995; Williams, 2000) .
The so-called "alternative" methods of the estimation of digestibility need to be standardized with the in vivo method, particularly due to a significant effect of chemical and physical characteristics of samples (Stern et al, 1997) . One of these characteristics is the origin of starch and its content in the feedstuffs. Previously conducted studies have shown a considerable influence of starch on the digestibility of feedstuffs determined by different methods (Cerneau and Michalet-Doreau, 1991; Opatpatanakit et al., 1994) as well as on the accuracy of predicting ruminal nutrient degradation (Mills et al., 1999) .
The most notable changes in the chemical composition of whole grain crops due to advancing maturity are in dry matter (DM), non-fibre carbohydrates (NFC), starch and crude fibre contents (Mannerkorpi and Brandt, 1995) . Thus, whole grain crop silages made of plants cut at different stage of maturity may be used as model samples for determining the influence of starch content on roughage digestibility assessed by different methods.
The aim of the present study was to determine the effect of stage of maturity of oat and triticale on chemical composition as well as on digestibility of whole grain oat or triticale silages determined by different methods: in vivo, in situ, in vitro and gas production technique.
MATERIAL AND METHODS

Design and treatments
Whole grain crop silages were made of oat (Avena sativa, var. Senator) and triticale (var. Bogo), cut at three stages of maturity: heading (H), milk (M) and milk-dough (MD). The plants were harvested in 1998, on June 19, July 13 and July 18 (oat) and May 28, June 19 and June 30 (triticale), respectively. After the cut, the plants were chopped and ensiled with a microbial inoculant additive (Microsil, 10 g/T fresh forage) in 100 1 plastic containers (9 containers for each forage, 54 containers in total). After 4 months, representative samples were taken from 3 sites of each container. The samples were then pooled together by containers and frozen at -20°C until the chemical analysis. Chemical analyses were made separately for each container. For the same crop and cut, dried samples (45°C, 48 h) from each container were then pooled together for digestibility trials.
In vivo total tract dry matter digestibility of silages was determined using 12 wethers allocated randomly into 3 groups. The animals were kept in metabolic cages and fed experimental silages (plus mineral mixture, 20 g d 1 head) twice a day, at a dose close to maintenance level. At the same time 3 silages of the same species were studied. The 7-day collection period followed the adaptation period that lasted 14 days. Representative samples of feeds, refusals and faeces were kept frozen at -20°C until chemical analysis.
In situ rumen dry matter degradability (ISNB) was determined by the method of Michalet-Doreau et al. (1987) . Measurements were carried out using three ruminally cannulated Holstein bulls weighing 390±30 kg. The animals were given 5.6 kg d" 1 of meadow hay and 2.3 kg d" 1 of concentrate mixture (%: barley, 50; wheat, 10; wheat bran, 28; soyabean meal, 10; mineral mixture, 2). The diet contained 170 g kg* 1 DM of crude protein and was balanced to keep the forage to concentrate ratio at 70:30. Approximately 3 g of samples dried and ground to pass through a 1.5 mm sieve screen were placed into nylon bags (Ankom Co, Fairport, NY; pore size 53 mm diameter, internal dimension 5x10 cm), yielding a ratio of sample mass per bag area of 27 mg cm 2 . Bags were introduced in the rumen at the same time just before the morning feeding and pulled out at different times. Incubations ware carried out at 2, 4, 8, 16, 24, 48 and 72 h. Additionally incubation for 0 h was done to estimate washing losses from bags. Nine measurements (three replications for each of three steers) were made for each incubation time. After removal, bags were rinsed thoroughly with cold water and then washed in a washing machine, and dried to the constant weight. The effective rumen degradability (ERD) of dry matter and the degradability rate constants (A, B, C) were calculated according to Orskov and McDonald (1979) at a ruminal outflow (k) of 0.06 tr 1 , which is the value accepted for high yielding dairy cows. The data for one animal was then pooled before statistical analysis.
In vitro true digestibility (IVTD) was estimated in a Daisy Incubator (Ankom Co, Fairport, NY) based on the Van Soest et al. (1966) tube procedure. The dried and ground (1.5 mm as above) samples were placed in filter bags made from polyester/polyethylene extruded filaments (50 x 55 mm exterior size). The bags (3 jars x 3 replications) were then incubated in the incubation jar in buffering ruminal fluid for 8, 24 and 48 h. According to Ankom's recommendation, 0.25 g of sample per bag were weighed for 8 and 24 h incubations and 0.5 g for 48 h incubation. Rumen fluid was collected by rumen cannula from two dry HolsteinFriesian cows fed with 5 kg d" 1 of meadow hay and 2 kg d" 1 of barley grain with mineral mixture supplementation. The diet contained 140 g kg" 1 DM of crude protein. The rumen fluid was collected directly before determinations. After incubation, the jars were drained and the bags rinsed thoroughly with cold tap water. The bags with residues were boiled for 75 min in neutral detergent solution (Ankom 220 apparatus). After the solution was removed, 2000 ml of hot (90-100°C) H 2 0 and 4.0 ml of a-amylase were used in the first and second rinses of bags. The bags were then dried and weighed. Use of the neutral detergent solution and a-amylase (in samples containing starch) is an integrated step of the IVTD method. Since digestibility results obtained from this method depend mainly on the extent of fermentation of samples in the buffered ruminal fluid, it is assumed that it reflects potential rumen digestibility and can be compared with other methods used in the experiment.
Potential digestibility of silage dry matter was also estimated using semiautomated gas production technique (GP) (Pell and Schofield, 1993) , which was based on the original Menke and Steingass procedure (1988) . The rumen fluid from two dry Holstein-Friesian cows was collected similarly as above. The amount of gas produced in an individual flask (4 repetitions for each sample) containing 0.15 g of dried and ground (1.5 mm) sample and buffered ruminal fluid was measured every 10 min over 24 h by computer-interfaced pressure sensors. The 24 h incubation time was chosen as suggested by Menke et al. (1979) and Menke and Steingass (1988) , although other authors have used longer incubation. The 24 h incubation time in this project was also chosen considering the high fermentation rate of whole crop silage organic matter in the rumen. For each fermentation run, three blank samples containing only buffered ruminal fluid were used. Blank sample fermentation readings were then considered in the calculations of the total gas produced (TGP). TGP as well as GP rate constants were calculated using the exponential Orskov and McDonald (1979) equation, modified for the LAG time (Beuvink and Kogut, 1993) .
Analytical procedures and measurements
Dry matter content of silages was determined by the toluene method (Dewar and McDonald, 1961) . Chemical composition of silages, refusals, faeces and in situ and in vitro residuals was determined on dried (45°C, 48 h) and ground (to pass through a 1.5 mm screen) samples using standard methods (AOAC, 1995) . Water-soluble carbohydrates (WSC) were determined by the colorimetric method of Deriaz (1961) , starch content by the method of Faisant et al. (1995) and NDF, ADF and ADL by the method of Goering and Van Soest (1970) .
Statistical analysis
The data, separately for oat and triticale, were subjected to one-way analysis of variance using the GLM procedure of SAS (1995) . The model employed for statistical analysis was as follows: Yijk = \i + Ti + Rj + Eij, where: JLX = general mean, Ti = treatment effect, Rj = repetition effect (animal (ISNB) or jar (IVTD) or channel (GP)), Eij = experimental error. In each analysis, the individual means were separated by the Student-Newman-Keuls test (SAS, 1995) . Differences were considered to be significant at P< 0.05. Relationships between parameters of digestibility, determined by different methods, were tested by correlation coefficients using REG procedure of SAS (1995).
RESULTS AND DISCUSSION
The chemical composition of silages is presented in Table 1 . Aging of plants increased dry matter and starch contents, which was accompanied by a decrease in protein content. The same tendencies as related to stage of maturity were observed by Mannerkorpi and Brandt (1995) on barley plants and seem to be true for all cereal species. Irrespective of the species, M and MD silages had higher content of ADL than H silages (P<0.05). On the other hand, NDF and ADF contents were slightly increased in M silages and then decreased in MD ones.
Regardless of the plant species, the highest total tract in vivo DM digestibility was shown for silages made at the heading stage of maturity (P<0.05; Table 2 ). It is worth noting that aging of oat to MD stage did not further decrease DM digestibility, compared to M stage. Also Borowiec et al. (1998) in in vivo studies conducted on whole crop barley silages showed similar tendencies as related to stage of maturity. In vivo DM digestibility in the present studies was negatively correlated with a starch content and was not influenced by the NDF content (Table 3) . Prolonging plant growth is usually accompanied with an increase in fibre content (Van Soest, 1994) . However, in this study an increase in NDF content was "dilu- ted" by the increase in starch content, which was probably the reason for the lack of influence of fibre on digestibility. The origin of the fibre should also be considered here, because of the changes not only in the concentration of NDF but also in its composition, which take place when the plant matures. Increases in highly digestible starch content in M and MD silages (Micek et al., 2001 ) with advancing maturity of plants balanced a possible decrease in DM digestibility due to changes in cell wall structure. Oat and triticale silages made at heading stage of maturity had the highest ERD of DM (Table 2) , probably due to the lowest NDF and ADL contents. Fast lignification of the plant cell wall between H and M stage of growth (Table 1) might cause a decrease in the ERD of M silages. As mentioned above, although the plant still matures, an increase in NFC content, particularly starch, in MD silages, when compared to M silages, could dilute this lignification effect. As a result the ERDs of MD silages were significantly increased over M ones. Thus, it is likely that the difference in ERD between H and M silages was influenced mainly by the fibre content whereas the difference between M and MD silages was more affected by the starch content. However, the overall correlation between ERD and starch or NDF contents was not significant (Table 3) .
For 0, 2 and 4 h of incubation (Table 2) , MD silages had the highest DM disappearance, which was in line with the highest value of fraction A. On the other hand, for incubations lasting for a longer time, the highest disappearance was shown for H silages. They also had the highest proportion of fraction B, and the highest rate of digestibility (fraction C). The reasons for such tendencies could be the starch and fibre contents in the sample. If the MD silages contained the highest amount of starch and the lowest of fibre and additionally the starch of these forages is highly and rapidly degraded in the rumen (Micek et al., 2001) , it is clear that DM degradability of MD silages at short periods of incubation was the highest. When the starch has already been degraded (after 8-16 h) (Micek et al., 2001) , it is possible that the DM degradability at longer incubation periods was more influenced by the fibre content and its composition. This resulted in the highest DM disappearance from the H silages. The above discussed effect of starch content on rumen DM degradability may be confirmed by the high and significant relationship between starch content and the in situ constants (A, B and C; Table 3 ). Starch content was positively correlated with the A fraction and negatively with the B fraction.
Irrespective of the time of incubation, the highest IVTD was obtained for silages made at heading stage (Table 2) . Prolonging plant maturity from M to MD stage had no effect on IVTD at any incubation time. There was no correlation between IVTD (at any incubation periods) and NDF content in silages (Table 3) . On the other hand, there was a relationship between IVTD and starch content, which was however significant only for IVTD 48 h. The lack of significant differences (statistical analysis not shown) between IVTD obtained after 24 and 48 h of incubation shows that this part of organic matter, which determines the differences between plants and stages of maturity, likely undergoes very fast fermentation processes (within 24 h).
The total gas production (TGP) as well as the GP rate constant pointed to the silages made of plants cut at MD stage as the most susceptible to rumen fermentation, especially in the case of oat (Table 2 ). It is difficult to explain why the H stage triticale silage TGP was as high as in the MD silage. There was no relationship between TGP and starch or NDF contents in the samples (Table 3 ). The results of the volume of gas produced should be interpreted with care, particularly when feedstuffs with a high content of starch are studied (Menke and Steingass, 1988) . The fermentation of easily fermented sugars leads to the production of high amounts of propionic acids by rumen microflora. This process influences the volume of gases produced to a lesser extent than the production of acetic and butyric acids (lack of C0 2 and then CH 4 separation) (Williams, 2000) .
Irrespective of the plant species, its aging significantly increased the GP rate constant. Moreover, a significant relationship (r=0.82) was found between starch content and GP rate constant (Table 3) . This means that if the sample contains more starch, as a result of aging of the plant, the rate of gas production increases.
The reason for the opposite signs of the correlation coefficients between starch content and rate constant C (minus; in situ method) and GP rate constant (plus) is probably in the nature of the method studied. In the in situ method the rate constant is calculated considering the disappearance of the sample from the bag. If the starch disappears after times of incubation, the rate constant C of fraction B is influenced by the non-starch components. In the GP technique, the products of the starch fermentation remain in the sample and the GP rate constant shows the rate of gas production of the whole material, including such products. Also Valentin et al. (1999) , who studied maize silage DM digestibility determined by different methods, concluded that the in situ nylon bag method and GP technique did not give the same prediction of nutritive value of samples.
General considerations
The results obtained in this study confirm the well-known fact that along with advancing maturity of cereal plants, the starch content increases (in DM) and at the same time the fibre content (and its fractions) remains more or less stable. This may have a significant effect on digestibility, regardless of the method used. In all of the methods under comparison, the highest digestibility coefficients were shown for H silages. Based on a classical understanding of the process of lignification of plants, one could assume that prolongation of plant vegetation until the MD stage of growth could constantly decrease its digestibility. However, increasing the content of starch in MD silages, in relation to M and H silages, may mask the effect of lignification. Due to this process, regardless of digestibility method, the silages made at MD stage of growth had equal or even higher digestibility when compared with M silages. In this context, it can be assumed that the level of lignification influences DM digestibility only in early stages of growth, whereas for later stages, the starch content seems to be the most important factor. The above tendencies might have been confirmed by the correlation coefficients between starch and NDF contents and digestibility parameters (Table 3) . None of the coefficients between NDF and digestibility were significant.
Assuming in vivo DM digestibility as a point of reference, the highest relationship between in vivo and in situ or in vitro digestibility was observed for degradability parameters (A and B) of the in situ method (Table 3) . Additionally, statisti-cally proved correlations were also observed for IVTD 48 h and GP rate constant. Other parameters such as IVTD 24 h or ERD were not correlated with in vivo DM digestibility. It was particularly a surprise in the case of TGP and ERD, considering the high correlation with fractions A and B. Due to the number of observations, the results of such a comparison should be taken with caution. However, also Adesogan et al. (1998) showed an imprecise prediction of in vivo digestibility from chemical composition (starch included) as well as from in vitro digestibility of whole crop wheat silage when determined by different methods. It is possible that the changing nature of the samples caused by advancing maturity (from fibrous to starchy) could bias some in vitro analyses, for example the gas production technique.
CONCLUSIONS
Aging of whole oats or triticale crops changed the chemical composition of whole crop silages. The main effect was an increasing content of starch. Prolonging growth increased lignification of the plants only from heading to milk stage of maturity. The starch content had a greater effect than NDF on in vivo, in situ and in vitro digestibility. In vivo DM digestibility was significantly correlated with rumen DM degradability parameters (A and B) of the in situ method, IVTD 48 h and GP rate constant.
